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1. PROLOGUE

This report is a second volume of the 1st full interim scientific :eport

(I) for the project described in the title, covering the period from month

I to month 12 of the project. These programme months, which are indicated

in figure 1 (which is an extract of figure 7 of the original grant proposal

submitted to EOARD) correspond to calendar months March 1985 to March 1986.

The programme of work did not begin in September 1984, as was originally

intended, for a number of reasons; these are

(i) The grant funding was not submitted to the Polytechnic until

October 1984.

(ii) The Polytechnic regulations forbid any attempt to advertise

research assistant posts until the appropriate research funds are

in the Polytechnic's hands.

(iii) There was a delay of 2 - 3 weeks between ordering an advert with

newspaper publishers and the advert actually appearing in press.

(iv) The first round of advertising failed to result in the recruitment

of a suitable applicant, so that a second round of advertising was

necessary, causing a further delay of 2 - 3 weeks. The second

round of adverts were ordered at about the end of November 1984

and appeared in January's press. (It was considered prudent not

to publish an advert over the Christmas vacation period, so this

also caused a further 2 weeks delay).

(v) The successful applicant was interviewed in February 1985 and

commenced work in March 1985.

1.
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As a consequence the above-described delay in the start of the project

work, by August 1985 when the 1st volume of the 1st full interim scientific

report was written, the work carri ed out to that moment in time

corre;sponded to about 5 months work on the project schedule in figure 1.

Thus, volume I of this report contains information relating mainly to a

literature survey of hydrostatic bering operation, together with some

details of the appropriate theory of operation under steady loads. It is

noteworthy that the project was at that time on schedule, bearing in mind

the progrumme start of March 1985.

The authors now understand that the delay in the start of the work had not

been communicated to the American offices of EOARD (although it had been

discussed with the London Office).As a consequence of the above situation

the American offices of EOARD have requested further information about the

project, particularly in relation to its current status and technical

output. This second volume of the report is intended to answer fully any

queries relating to the current status of the project, as well as to convey

up to date technical information relating to the work.

3.
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3. SYNOPSIS

This report describes the current status of a research project whose aim is

to develop a hydrostatic bearing, for rotating machinery, whose dynamic

chairacteristics may be tuned during operation of the machine. The purpose

of this is to enable the operator to exercise some control over machine

critical speeds, and vibrations Ifeneraly.

A computer program has been written which will predict both the stati, and

dynamic characteristics of a hydrostatic bearing. The program allows for

the tres,.nce of accumulators linked to the hydrostatic bearing recesses via

flow restrictors; by varying these flow restrictors control may be

exercised over the bearing dynamic characteristics. Output from the

computer program has been used zis input data to a second computer program

which calculates machine vibration amplitude variation with running speed.

Theoretical machine characteristics obtained in this way have been used to

aid the design of a test rig which will be used to examine the practical

torformance of the new bearing type being developed.

Theoretical results obtained thus far indicate that a significant change, in

bearing dynamic characteristics may be obtained by adjusting the

accumulator flow restrictor, and that machine critical speeds can be

rlduced by over 50%. It appears likely that the bearing may enable maximum

vibration amplitudes, within a given speed range, to be reduced by over

90%.

5.
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4. NOTATION

SYMBOL MEANING

A Effective area of one hydrostatic pad

a1 Cross-sectional area of capillary tube

B Accwnulator operating parameter

CXX, Cxy; etc Bearing damping coefficients

C Bearing clearance

F Fcrce

I Capillary restrict or inertia coefficient

K Inverse flow resistance in capillary tube

KXX, Kxy; etc Bearing stiffness coefficients

I. Length of land around hydrostat ic- pad

I Length of capillary tube

Mass of lubricant in capillary tube

P Lubricant pressure

(I Lubricant flow rate

B Bearing radius

Time

V Volume

v Lubricant acceleration in capillary tube

W Bearing land width

Horizontal displacement of journal

y vertical displacement of journal

a Half the included angle for one bearing lad

13 Pressure Pp/Ps at zero eccentricity

y Pressure amplitude in accumulator

C Pressure amplitude in bearing pocket

CPhase lag angle of pressure amplitune in lear ing pocket

e Angular location around bearing

K Lubricant bulk modulus

JU Lubricant dynamic viscosity

P Lubricant density

T Flow amplitude in supply line

4' Flow amplitude in accumulator line

6.



0 Phase lag angle of displacement in horizontal direriton

LAngular frequency

SUBSCRIPTS

a Relates to accumulator

Relates to a curved land

Relates to flow over lands

Relates to a non -curved land

p Relates to bearing pocket

s Relates to bearing supply line

v Relates to change of" pocket volume

Relates to horizontal direction

Relates to vertical direct ion

Relates to in--phase component

2 Relates to quadrature component

*1.



5. INTRODUCTION

1Vabalance in rotating machinery is responsible for vibrat ion of the machine

rotor, stator, and foundations. These vibrations result in high levels of

noise, accelerated component wear, increased stresses and a lowering of the

machines fatigue life. Unbalance cannot be completely eliminated but can

only be minimised, and so these effects are always present; furthermore,

some types of vibration are self-excited and are independent of the

magr itude of the out of balance Jr the machine.

it is well documented, for example in references (1) to (5) that with all

types of vibration the amplitudes of the rotor and bearing displacements,

and of the bearing transmitted forces, are dependent upon the stiffness and

damping associated with the bearings and their foundations. That is to say

that for a given machine operating at a particular speed, the shaft support

s iffness and damping must take on particular values in order to ensure

that the system vibrations are mimimised. If these values are not adherel

to then high levels of vibratio will ensue.

In many c;ases the potentially large levels of vibration, dependent upon the-

shaft support stiffness and damping, are those associated with machine

critical speeds. The designers problem is frequently one of ensuring that

whi le machine is able to operate at any particular speed within a given

Spe,.d range, it must never be the case that a system critical speed is

, los,, to the operating speed. Unfortunately this is not easy to achieve

b-cause calculations of machine critical speeds are frequently inaccurate.

duo to insufficient knowledge of bearing housing dynamic stiffness and of

oil ilira behaviour. The situation is further complicated by the fact that

be.aring and foundation stiffness and damping in the horizontal sense may be

differnt to that in the vertical sense, and so the number of machine

critical speeds may be doubled.

The work to which this report relates is aimed at overcoming the problems

described above by developing a bearing whose stiffness and damping could

be altered while the machine is in operation. For example in figure 2 the

solid line indicates the form of the response of a single mass rotor

mounted on a shaft running in high stiffness supports.

B.



response with low stiffness support

Vi brat i on

Amplitude response with high

stiffness support

I I
( \,

I \

7\

Punning Speed

Figure 2: Typical Response of A Rotating Machine

Operating Near its 1st Critical

jI

Region of Ist Critical Region of 2nd Critical

Vibr aSicn
Arrlituide ',-- --

I (i , i
I r /

Running Speed

Figure 3: Vibration of a Multi-Degree of Freedom System
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Figure 4: Arrangement of Bearing Type investigated

hydrostatic bearing Bearing & Journal Centre

bush centre - -

.---> N. '-,.X
", ,x directicn

Figure 5: General View of' One Hydrostatic Pad
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The broken line represents the response of the same machine running in low

stiffness supports. Clearly, as the machine speed was being increased, it

would be advantageous to change the shaft support stiffness from a high

value to a low value at the running speed corresponding to the point of

intersection of the two curves. In the case of a multi-degree of freedom

system it may be necessary to make use of several values of shaft support

stiffness so that the machine response may be as indicated by the solid

line in figure 3, the broken lines indicating critical speeds associated

with particular values of shaft support stiffness.

This report describes an investigation of the effects of changing the shaft

support stiffness and damping by building into the bearing supports a

number of hydrostatic pads supplied with fluid under pressure via flow

restrictors, the restrict ors being required in order to ensure that tile

pads will support a static load in a stable manner. The case investigated

was that of rolling element bearings, supported by hydrostatic pads as

shown in figure 4. Also connected to the hydrostatic pads, via additional

flow restrictors, are accumulators (closed vessels containing a gas-filled

flexible bag, the gas, being relatively easy to compress, allows further

oil to enter the accumulators in the space thereby made available). The

accumulators behave as reservoirs from which oil may be drawn off or

returned to. The stiffness and damping of such hydrostatic pads has been

shown in references (6) and (7) to depend largely upon the flow resistance

offered by the restictors in the accumulator lines. By varying the value

of these flow resistances, the entire system support stiffness and damping

can be varied between values close to zero and very high values.

11.



6. THEORY

6.1 Review of Operation Under Steady Loads

Consider the hydrostatic bearing shown in figure 5 where the displacement

of the (non-rotating) journal from the concentric position is x. in the

horizontal direction and y, in the vertical direction. The concentric

film clearance of the bearing under consideration is Co , and if the journal

eccentricity is e at an altitude angle 0 as shown, then the film clearance

at any angle a is

C -C O _ xO Sin e + YO Cos a ...... .................... ()

A 'mid-land' type of approximation is now employed, similar to that used by

Rainrondi and Boyd (8). The approximation assumes that oil flows out over-

the bearing lands only in a direction perpendicular to the land

,-ent re-line, and that the pocket lubricant pressure effectively acts over

an area contained within the land centre-lines. The accuracy of this

p roximation has been verified in reference ((;).

If' ih,, tearing radius of curvature is P, the oil pressure in the pocket Pp,

the oil dynamic viscosity u, hydrostatic pocket land width W, then the oil

flow through an element do over one of the curved lands (not shown in

figure 5) out of the plane of the page, is

C3 R de P
dO - - . L .......... ........................... (2)

12 p W

Substituting for C from equation (1) and integrating between e 7 -a and c

gives the total oil flow out of the two curved lands of one hydrostatic pad

as

P R 1 1 2 2

Oc P 0 [4a + 1 12 pu Sin cc + - .(6a (y, + x0  ) + 3 Sin 2a
12 m W Co  C0

2 3 Sie2 S in'oc
(yo, No)) + -1 (4yo (Sin a - ) 4 Y2xO2  )3 ](

Co 3

12.



The total oil flow through the two non-curved lands at a = a and a - a is

P LC
3

onc - _ [(Co + Yo Cos a - x. Sin a)
3

12 m W

+ (Co * yo Cos (- a) -- x o Sin (- a)) ... ............... (4)

which when expanded and added to equation (3) gives the total oil flow out

of the bearing pocket over the lands as

P C 3
0l t, 0 f(xo, Y.) ......... ...................... (5)

12 g W

wh er..

tfxo, Yo. - (2L + 4Ua) + 1 (12Ry o Sin a + 6Ly o Cos a)
Co

(Ra (y2 xo2 2 3R Sin 2a (y,
2

- Xo )
C -

0 9 0 92

GyoJL CosIa + 6xo-l Sin-a)

l i3 )Si3

1 3 (4Ryo3 (Sin a -Sina) + 12Rxo
2y Sin a

c, 3 3

2Ly 3 Cos 3a 6Lx 2y Sin 2a Cos a) ...... ................ . (6)

The flow into the hydrostatic pocket through the capillary from the

pressurised supply is

,- Ks (ps - Pp) ......... ........................ . (7)

13.



Where Ks is a constant which describes the capillary flow restrictor

characterist ics, and Ps is the lubricant supply pressure. Equating

equation (7) with equation (5) gives

P C3

Ks'IIs Pp) 12 P o f(Xo, yo) ........ ................. (8)P) 12 tjW

D,fining 5 as the ratio Pp/Ps when the journal is concentric with the

bearing 'xo  y,-- 0), equation (8) gives, on r, arranging,

K, 0 (48' 2L,) ..... ................. 9.
1 /3 12 1W

which defines the required value of K. to ensure that the bearing opera t(-

with a pat i:ular /3 rat io. When this is the ease, the I'ressue in th,.

heat ig tckot is then given by substituting equation (9) back into

.,juat t)n (13) to give

13
Pa 1 13 (4Ro + 2L)

S (IRa 4 2L) i f(x, Yo) ..... .............. (10)

whereupon the steady load carried by the bearing may be evaluated as

F - * A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (11)

where Pp is given by equation (10) and A is the bearing pad effective area

contained within the land centre-lines.

The lubricant pumping powpr required by the bearing is given by

P - os'P . . . . . . . . . . . . .  . .. .. .. .. . .. ... . . . . . . . . . . . . . . .. (12)

14.
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The above--described theory was applied in t urn to each hydrostatic pad of a

4 pad bearing (one hydrostatic pad at the top, bottom, and on each side of

the bearing) and the corresponding forces separated out into vertical and

horizontal components. The load components, oil flow, and pumping power

for all of the hydrostatic pads may then be summed to give he

characteristics of the whole bearing.

The above -described theory was transformed into a computer program to

enable fast acquisition of design data to be made. The variation of load

and stat ic loid stiffness with journal vertical displacements was found to

take the form shown in figures 6 and 7 of sect. ion 6. These results are

discussed in sect ion 7.

6.2 Oeration Under Dynamic Loads

When the bearing operates under the action of a dynamic load, the oil flow

ratc, puilping load, the oil flow rate, pumiping power, aid steady load

suppor- I el remain unchanged. However, the bear in g st i ffiss and darnpinru

i,v. ,f prime impoltarnce because they affect substantially the vibrat i~m

mp litude of the system for a particular forc amplitude. A method of'

d-btermining the bearing stiffness and damping is described below.

Ti,. lisplacement of the journal from the concentric posit im, ider i

dIyr isic lod, takes the form

Y Yo t Yl - yo 4 Y Sin Wt
....................................................... (13)

N - xo + NI - x0 + X Sin (wt - D)

where xl and yl are displacements of the journal from t ti stat ic

equilibrium position. As a consequence of these displacements 111e out. flow

of oil over the bearing lands of one hydrostatic pad differs from that

given in equation (5) and is now given by

P C3

l [f(ox, Yo) + fxo, Xl + fyo, Y11 .. .......... (14)

12 u W

15.



Where fxo and fyo are the differentials of f(x o , yo) with respect to x, and

y, respectively.

An alternative flow path for lubricant leaving the pocket is that through

the flow restrictor leading to the accumulator. (This flow path is o f n,

consequence when considering steady-state loads, since the accumulator

f'orms a closed part of the system with a zero net flow into it). Any flow

from the bear irig pocket into the accumul ator is as a consequence of a

pressur(e difference between the lubricant in the bearing pocket and that in

the accumulator. This pressure difference acts against the capillary flaw

rsistance and also acts to accelerate the fluid in the capillary such that

dtQ
1 a

Pp - Pa -- - , a + a . - . . . . . . . . . 1 '
Ii (IQaKa d t

wier, pa is the instantaneous lubricant pressure in the accurmlator, K. is

thc constant describing the characteristics of the capillary flow rostictor

hetween the bearing and accumulator, Qa is the lubricant flow rate into thc

aCcumulator, and Ia  is a coefficient describing the inertia of th1.

lubricant within the accumulator capillary.

rhe pressure changes wilhin the accumulator are, related to th, volume of

I flowing into it by the equation

- B .. ......... .. ......................... ()

(it

where It is a constant which describes the characteristics of the

ac-umul I at or.

The flow of lubricant from the supply into the bearing pocket is described

similarly by the equation

P, - P1p - L_ . o f I "--s . . . . . . . . . . . . . . .. . . (17)

Ks  dt

16.



where Q. is the lubricant flow rate from the suppy into the bearing

pocket, and 1s is a coefficient describing its inertia.

Any flow of oil into the bearing may be partially accomodated by an

increase in the bearing volume, as the bearing surfaces move away from each

other (and vice-versa). This flow may be represented, for a velocity dy/dt

of the bearing surfaces away from each other, as

v -- A dy ....................................... (18)
dt

Tn addition to the above, lubricant flowing into the bearing pocket may

also be acromodated as a consequence of compressing the lubricant already

in the clearance volume. The flow rate associated with compressibility of

the lubricant is given by

V dP
, . .. ........ ......................... 19

K dt

Whorre Vp is the bearing pad effective clearance volume and K is the

lubricant bulk modulus.

The unst eady state flow equation for lubricant within the bearing pocket

takes the form

s : Ga , Q1 }v 
0 c. .......... ....................... (20)

The journal displacements, and the lubricant flow rates and pressures, may

Io. assumed to vary according to the following expressions provided that

;imtl i tudes are small compared with steady state values.

17.
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y YO YI Sir) wt

S N Xl Sin Ut Xq Cos Li x + X S in ( dt 4 .

I' I ' j.'O+ c . . o po - Sill (wt 4 Q

P PO y 1 Sin wt +y)Co~s wt

Os 0 ' T1 Sin Wt + T- COS Wt

Q,, 'PI' Sill Ut + Y2 Cos U't

In thle above, thle t erms w ithI suf fi (es Iand 2' are 'inr-phase' and

q'uadra turu' values of the fluctuations in thre displacement , pressu re, ;uid

f I t vs as app ropr iate.

Subst ituting eqJuations (21) into equat ions (14) to (20), whi tst alISO

subst itut ing equat ions ' 14',, (18) and (19) into (20) gives:

*c Sinl Ut -C2 Cos Uit) - k - (n~ Sin wt + Y2 Cos Ut)

4 + 1 Sin Ut 4 kP2 COS Ut) + U3 ('P1 Cos Ut P S il Wt). (22)'

U COS Ut U2 Sin wt - 13 (Qa P1T Sin Ut , T. Cos Ut)...........(2:0

S ( PO 1 Sin] Ut * CCo wt ' T I T S inWt f T,,CoSLt

, W ICOS Wt -T2 Sin] Wt)...............................(24,

6S Ti Sin t + T-iCos wt r P' +4 1 Sinl Ut +P- Cos Ut

C :3 f
I o0 +cl Sin Ut fcp Cos Ut)

12 ii W

C C3
PO0 fXu (X I S in Ut 4f X, CnS Ut

12 ui W

11 C 'i
po 0 y iY Sinl Ut fA 5 Yj COS Uit

12 m W

V

* W c1 Cos wt 4-.,S in Ut)...........................(25)

K



The terms marked * in the above equations may all be deleted since they are

either zero terms or they relate to steady conditions and equate on each

side of the equations. Comparing the coefficients of Sin Wt and Cos Wt on

each side of what remains of the equations (22) to (25) then leads to the

following equations which may be written in matrix form as:

1 0 -1/x s  [sw 0 0 0 0 c1

0 -1 Ts 1K s  0 0 0 0 62

1 0 0 0 -1 0 -I/Ka law ri

0 1 0 0 0 -1 - 3w I/Ka T,

0 0 0 0 0 W P, 0 -

0 0 0 0 w 0 0 B

C f(Xo Yo V w
f% Y ' 0 0 0 I 0

12uW K

V W C f(x yo) o 1 ( 0 1 4k-2

K 12 IW

0

0

0 . . . . . . . . . . . . (26)

0

0

12 i WC~ P (f X 1-- u

i0 po f xo I + yo Y

12 i W

19.

, ,,,I, , m ~ m umnnmn lm mm nm n nn umnn



The inertia terms Is aid 
1 a in the above equation may be determined by

applying Newtons 2nd law to the column of liquid contained within the

capi I lory.

Thus

AM . a m v . . . . . . . . . . . . . . . . . . . . . . . . . 27

where Al' is the pressure difference across the capillary, a is the bore

ross-sectional area, m the mass of lubricant within the capillary, and v

its a"Melerotion. Equat ion (27) may also be written as

AP -

P~ . . . . . . . . . . . . . . . . . . . . . . . . . . 028;

where I is the lengt h of the capillary tube , p is the lubricant density,

and Q is the flow rate through the capillary. Frther consideration of

equations (15) and (17, reveals that the capillary inertia coefficient is

then given by

I p ....

Equation (26) may be solved to determine the unknown amplitudes of the

variables in the colmn matrix on the left hand side, in particular the

pocket pressure amplitudes C1 and C2.

The force displacement relationship for one hydrostatic pad under dynamic

operating conditions takes the form

Fy - Kyy Yl f Kyx 1 Cyy y1 + Cyx Xl . . . . . .  . . . . . . . .. . . . . . . .. (30)

20.
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where K K, y).. , CY and Cy\ are thic direct and cross coupling stiffness and

damping coefficients for one bearing pad. Fy is the load on teie pad (in

the Vertical direction);the arrangeimnt may be considered to be as shown in

figure 3. The variation in force Fy on the pad wil] be rel]ut d to the

bearing pocket oil pressure by

FY - A (6 1  S in W t f C 2 C os ot ) . . . . . . . . . . . . . . . . . .3 1 ',

Substituting for x and y from equations (21) and for F from (1 nt

equation (30, and comparing coefficients of sin ot and Cos wt gives

Ae, Kyy Y1 -f Kyx X] C ty X2

.......... ................ (32)

Ac,, Ky X- + W, yy Y1I + toyx Xl

If we then set X] X 2 - 0, then

AC
K",

Y. .......................... )

Ac.,
Cyy :-

LiY
1

%,hilst if we set Y 1  sX' 0, then

AcI

X 1

Thus all four linearized stiffness and dunping coefficients for one

hydrostatic pad are determined.

21.
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'fhc above t htory was t ransformed int o a coroput er program11 unat' intg st 1 fI ness

and damping coe ffi cienots for each hydros tat ic pal in thle bear ing to be

, omputed, in terms of its local coordinates. These coefficient values were

then transformed into corresponding values of the global coordinates as

described in reference (6) and summed to determine net coefficient values

fo: the whole bearing. The program was used to investigate tire variaion

in bearing stiffness anid damping with journal etietrielty, capillary

inertia coefficient, accumulator rest ricter coeffic ient, and forcing

frmue y The results of this invest igat i on arc also sumimar ized lin tie

sect ion G.

11.3 Uot or fiermns

The tbear ing at iffness and damping coeffiri cot values determinred as

de, scribed in thre previous section were used as input data to i third

computer program which has been used previously by tire authorS to determine

rotor response. This program is based on the transfer matrix metho. Thre

mpthod is well-~known by rotordynambat arid so will wot be lose"ibd ii,

detanil in this report for thre sake of brevity; further details of the

methlid may be found in) references (9i) to (11.

The sys tem des igo paramet era used in this inost igat ion were similar t

those of' a real ucaroengi ne compressor sha ft sys tem. It was lec idied thait at

roto~r whose mass was mainly located at iuidspac be invest igat ed, since it

&VaS intendred that the experimental test rig rot or- would feature this

characteristic, for the sake of simplicity. The other details of the

system wore as shown in table 1. A description of the system model led is

g iven in TSt.(t ion 9. Thre following sect ion shows the results of the

investigat ion , indticeating the variation ina rotor v ibrat ion ampli tude wi th

running speed for two values of accmulator restrietor setintg.

22.
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7. RESILTS

This section contains the results of the theoretical investigation of the

hydrostatic bearing static and dynam ic characteristics, and of the

vir-t ion aipli tude var i at ion with running spe,d of a single mass rut or

running in such bearings. The results relate to a machine whose design

fat Inres are similar to those india Ied in table 1, unless stated

otherwise.

The following results arei ncluded in this section:

Figure C8 Variation of bearing load with journal eccentricity

Figure 7 Variation of steady load stiffness with journal eccentri ity

Figure 8 Variation of Bearing Stiffness co.efficient Kyy %,ith ve-rti(-,a

eccentricity

Figure 91 Variation of Bearing Damping (:oefficiont Cyy with ven ticil

eccentricity

Figure 10 Variation of Bearing Stiffness coefficient Kyy with

horizontal eccentricity

F igur,. I I Var i at ion o f Bearing Damping coefficient Cyy witI horiozontal

eccentricity

Figure 12 Variation of Bearing Stiffness coefficient KNy with vertical

eccentricity

Figure 13 Variation of Bearing Dampiiig cioe ffici ent CXy with verti(t I

eccentr ioity

Figur.- 14 Variation of Bearing Stiffness coeffi'i j.nt Ky x with vert ical

eccentricity

Figure 1 5 Variat ion of Beari ng Damping coeffi cient Cyx with vert ictil

c-on t rici ty

V iIur., IC Variation of Bearing Stiffness coeffici1.nt Kyy with freqiuen(.y

Fi gur- 17 Variation of Bearing Damping (-oe'ficivnt Cyy with frequency

Figure. 18 Variation of Bearing St i ffness coefficient Kyy with

Accumulator Restriitor

Fi gir- 19 Variation of Bearing Damping cof'ici.nt Cyy with Accumulator

Bost rictor

iFigur- 20 Vartia tion of Rotor- ]st cri t ial speed with support st i ffness

Figur, 21 Variation of Rotor Vibration amplitude with running speed

214.
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Point P

Figure 6: Variation of Bearing Force with Eccentricity
p:0.5
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Figure 7: Variation of Steady Load Stifnless with Eccentricity
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,K /K 100
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ratio varies from 0 to
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Figure 8: Variation of Bearing Stiffness Coefficient K with
Vertical Eccentricity YY
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Figure 9: Variation. of Bearing Damping Coeficient C with- yy

Vertical Eccentricity
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Za SK K=100

Figure 10: Variation of Bearing Stiffness Coefficient K with
horizontal eccentricity YY

K /K 0.001
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a 3

Figure 11: Variation of Bearing Damping Coefficient C with
horizontal eccentricity YY
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Figure 12: Variation of Bearing Stiffness Coefficient K with
vertical eccentricity My
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Figure 13: Variation of Bearing Damping Coefficient C with
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Figure 14: Variation of Bearing Stiffness Coefficient K wth

vertical eccentricity
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Figure 15: Variation of Bearing Damping Coefficient C with
vertical eccentricity y
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Figure 16: Variation of Bearing Stiffness Coefficient K with
Frequency YY

-• I

I-

Figure 17: Variation of Bearing Damping Coefficient C with

Frequency YY
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Figure 18: Variation of Bearing Stifnes Coefficiet. K With Ratio oC
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Figure 19: Variation of Bearing Damping Coefficient K with Ratio of

Supply/Accumulator Flow Resistance YY
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R. D ?SCUSS 101

Figure Ii shows the variation in steady vert ical displ ac ement with st ati

verical load for the hydrostatic bearing, As is normally the case with

hydrost at ic hearings, the authors have decided to operate with a pressure

r-atio1 -- 0., at the nominal design clear-ance since this will result in ail

olfilmr of hi gher stijffnress ( so far as operat ion under static Woading is

rmi -I . The gravity load on each hearing is calcualat-ed Lo be abou NO0

N, so that each hydros tat ic bearing will operate at an eccen t ricit y ratio

of appr-oxiaat ely YZtro see point 11 on figure G.

The van ition of steady load st iffness with vertical eccentricity is shown

iFi gore 7. stiffness decreases with inacreas ing bearinrg eccntricity in

gl i lrespec i"i oi f tihe bearing pressure raio A3. FOr this reaso the

des igi, pressure ratio is chosen on the basis of miaximnum st iffness at the-

desi gi mcellt ncit y only.

F igure 8 shows the var iat ion in hydros tati i nr inr st if Ineas cue ffi cienit

K. w5iith verttical displacement fur various horizontal dislilacemonts. It is

it d-siothIy that its value dues not rloiingi sigificrant ly with hoc riontail

dhisp;iciii-rt, although it does with vent ical di spl aiciirt. Under normal

,q.i-t ing coad it.ions tihe bearing will be opu:clt-ing at a vi rtu001ly zelli

vertijcal eccentricity Pas well as zero hocrizontal eccentricity) so that the

st iffness coefficient K ywill assume a maximum value. Despite the'

non lIi ri-nty oif th ticrur've, it carl he seen from the effective o il fi lmi

oefdfic ient value wooldi not be expectedl to change by more than 10%; of its

original value provided that the vibration amplitude does not exceed 0.2

times the nominal bearing clearance.

Figurie 9 shows the variation in hydrostatic bearing damping coeffic:ient CY
with vertical displacement for various horizontal displacements. In this

clase the coefficient value does not change significantly with either

liorizontal or vertical dlisplacement. This means that the Value of damping

coefficient C yy c an be calculated accuirately at the dnsign stage arid that

nor, linearity of this coefficient is unlikely to piresent a piroblem.
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Figures 10 and 11 show the, var imt ion of hotri zit a .:t imirss and damping

1 -1, itcts Kyy and % resp'ctively with horizontal ccctmtricity. Thse

coefficients do nit change signifi(antly ,ith lrizmital .caetricity. ard

s, mce again cieffi'ient nn limearity 1i ik,.Iy to presemt a problem.

Ore again, the ti fl rticnts taki- a maximui value whet I lt, bearing op, rat-s

III the concentric Position.

Tihe Variat ion of hearing hort ta I f ntta :11d diamping coeffi+ iiA 9.t' x

tnd (' with horizontal and ver tical e.ccentricity is identical to that of

, oeffi iit ; Kyy and C with vert ical and horizont;ai cc,'ontr i-i ty

I,- , st I V I'. For t he sake of b rev i ty the 'o r -respondi rig cuI- ves have It

, r i -lldei ini this report.

Vir' 1t t1 Q 15 show th vrat in of the cross coiupling st ifi ir.:; and

imnping iceffiitS "xy,, y y and Cy x With displacement. Ths,

coefficient values are all much smaller than the values of tire dir,.,t trw:;

di!iuss'til alive and so are of little significance; ill ally instam- thi iy :8Il

assumni a zero value when the bearing operatcs at zeio c -ent r i t vas i I

b' the case for the teat rig with which this project is co:er('ri',l. Th,:

giap:; are included iii this report only for th. sake of tmplvt- q W

ligures 16 and 17 show the variation in at iffriess and daiiii,iini ool'i-i, ent

Ky and C yy respectively, with excitatiot, frneiuori-y. For the fitmutw.

rnge under investigation it is clear that the totf'lic tent vali.-s d< not

thngo significantly. This feature of tile results is siguif t ant sInite it

irdicates that the inertia of the lubriCant withirt the CapI I lary

ristrictars is unlikely to affect the behaviour of the tearinrg adversely.

Thei otier six bearing coeffi ci ent s are sii i I ar I y uni fffrp-t ed by frtquency of

t.xii tat in; thr apliropri ate curves for these coeffi ci fnts hav - be,t.n m itt e,

rino this report for the sake of brevity.

Th,, variation in btaring stiffness and damping with floiw resistarnce between

,,r'irig treces and acaimulnator is shown in f igures lit and 19. ( Thinse

graphs relate to roefficients Kyy and Cyy; once mor,. grnphs ftor th othit

m,,,.ficients have been omitted for the sake of brevity but do itr fact take

tn asimilar features).
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T t can:'0l 5(en thlat wtiei: t 1-0 flow 1 "I'Si a nc O ii Ft(, t )I, al cu'-lo U .)r i , I :i ri'

i,'. t,-r KI , is 1sri t bll t he i-,effi ci ents t ake or I high values, wher',-a

when fi r.i ow I Ast anr-- is very small Ka/K s I ar'; t ho magn it ud,:- of t hi

,.e'fic rents is I', tuc,,, to about 5% of t bi'i I oigi nal value. Thus, a

suhst ant i al Chang. i n bear Iag dynamic coeffici ent values carn be i it rodu- .d

11 cimnu i"t ing an aiumul lt or to the h,'r'stati" tWari1ng rI -. essis ':ia a

orinector whose flow resistanrfe is neg] igibl..

This condit ion can be achieved in pract ic', if only two values of eac h

I,-aring dynamic coefficivnt are required during operat ion, by connecting

the ac'umulators to the bearing recesses via remotely--controlled on off

valv s with large bore diameters.

The varial ion in first critical speed with support stiffness for the test

rig being con..tructed is shown in figure 20. The hydrostatin tearing has

t,,rn Asigned so that the two values of bearing stiffness 'oiff i<wm .'rt M ;

obtained with the accumulator switched 'in' and 'out' tend to strndl thi'

s,. p t part of the graph as shown. Tt appears that with this a ragemi.it

Ai'- t,-st rig first critical speed may be swit-h'd f"om al out 4,600 rev/min

t., - , A u S "! C0O rev Wi ni. rho corresponding response uive s for- tli. ma hi ir,

:01' shi'Wir in figure 21. In this figure it can to' seen that if Ihe

au-mulatirs are switched ' in' at about 3,500 rev/min, then the maximum

*,Wl,1 it oh- iif v ibrat ion of the machine during 'uln up through the fi rst

,riti at speed regiin may be reduced from about 72 tm to about 7 pn for tie"

'Tb, form of ia h or the graphs discussed above was of direct relevance to

the dsign of t ,i. test rig. In addition to these, a number of additional

pat amet,-r r. lat iimsh its for the hydrostat |, bearing have a 1 si been

iv. 'st Ig., I i , Thn p ropt iate results have ieen taken irto account durirg

ih, 1,st rig de'sign, but I the form' of the graphs is not of such direct

signi fi, an and so th,!y have been in.-ludted in this report only as an

appeni -ontaining figures 23 to 30. These results may he summarised as

felloiws:

S I ' sing r ssu " atio /3 tends to incr-ase be.ring stiffness and

hairipi rg, although stiffniess actually 'peaks' at /30.5 irW the cise of a

high fliw tesistai-', in the accumulator line (figures 22 and 241.
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I, I tirris i ng hezsii lie cle-arancex I ends to0 reiui- etot 11 1 he tueli Ii,, damp Ing

alld st i ffriess; , f ijures; 275 aild l

Risiglilt. I h U~jLwiat suppjly' plt'SSII iuaS litt le effect oil tile toIw l)

damp i rig, but duers resulIt iii a propor t i onalI inrease iii bear i 1

!t I If fnt -ss ' f igures 27 and 28)

di lnc:ras iny tie' hearing land width hvi litl I e ffol t oni the i,'iaiill;'

st I f fiiess b ut do,'w i wrease heaing ,urnt jug [f i ures 29 and 30) .

Ht isnorut eworthy that t hese I elat ionshi pat lr- in general agreement wh

hose found in other literal lre reili ig to hydtrostati h, : w

pe'r'formance. Tiny are of inrterest becauso the, proi de eA& t i owl]I

i tfortmat io ai aout how t he hear i rg charactIo 'i st I (a Fnay be del I 1erat o I y !;,t

at tlnhe des igni sae, iIlance the r-equired values iiave been deter i lb
1

.

To) surinwarn se, the hydrostat ic bearing may be des i gned to wworruiodat o tie

Stl iload, due to rotor gravity forces, without sigiiifi irtl'it icii

iii' !It,- Journai. 'The bearing dylallic Chraract erist ics of moa t a iglni fili

are' tie' uirI' I s i ffrrosS anld diampinge cuieffic ierit asne. tOl irons oupl]1,8

e"frticiin a lre S y c''rl orders (If magnitude Smaller. Till uirewI t stfflul-

and11 dumini jg coefficients carl be substantijally reduced by imulitg an1

accumulatolr to the! hearing recess ;tnd, proIvided'~ that] I tie hydrtriat at

liar nrg is corrnct iy designed for the rater sys t Ci underi -luIs ide rat ion, h

!.t i Ifi os a chrange i 1111011uce can be made toa result i n a a i gaif ii:at di iv.j

iln mrachine natural frequency. If the accumua tor' is switch l''] ill at thle

roi'ret rotational speed then the imaxinnuml Viburat ion allpi it ado of the

machine' dur ing run up may be reduced by ove~r 9C^. The roeq Iii ly] coslit ii

1-ziiirig dlynamic lcharivatelistics can be obtairni by lorrel , Melil t Ili),

appiriate d es ignl paramelteors for the bearing.
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!.TEST RIG DESIGN

A\ test rig has teen designed which will enaeib experimental evaluatiion of'

IVh new hearing des ign under coilsidera ti on. Tie final details of th-

les ign have be-en est ablIishred with a view ill Tril~lIIig the high speed

c ilrprussur sha ft of a GeneralI Eleoct ric TE24 t rho fan engine, some deVtails

of whicih are given in re fereurce- 112 . The only liep:atur, of the asiilac t

of thli expel riental rig Nrowi that detai lcd ini refernce (12) is iue absence

i n overhung rotor moss in addi tion to, tinat mounted between bear ings.

lTii t ea r ig is des ignid to operate q) to spers well atbove its first

lit il s apeed )ro 5000 rv/mill. A c(inwralislir of sionii of the design

par ainile ers of the TF34 turbofan engine w ithi tinis of the tes rig is ablhwi

in table 2. Soue - dd i t mi 1 des i gnl dotW IIIclF thle Wwrrings toI be usedl

it i the test rig arc as used forI tihe t i-Itj:1invest ipgotij,lil, aiidt:ire

sthowni iin table 1.

A diaogrami of the asserb led test rig is shown in figure 22. It cons is ts Ill

a rot or 01 mass 35 kg mounted on a shat of ii lgOi 0.5 mi. Tire sha ft ,Wills,

sti ffness is 9.6 MN/in, runs, inl ol Ii i g eleeinit learlogs which are1 p~ressedi

:ito aa steol bosh; the lush is in torH iroutel inl thll tiylrJstilt Wi:herings

11111 is corra nv nuei it tol lotaille by ani rotaion 1 gs . EacThiyltrustilt i c

I .lljog loritans four trydrotat ii pads, as sirmwi ini figure 2b. The henE

lqwrlp OSwith ai conrcentrilc pressure tot il P3 0.5 ou prov ide max imrumi

resista010 to jiournal displacemrent unider grarvityx liis, tilw steay ati-t e

jilirna -iwit riiy binrg negi igileli. EachI briririg is supplied wit

I uhi 111t of dtyniic viscosity 0.05 P; at zi pressure of 2.5, M Pa. I~

iiyirieta;t ic ibeapring pi~destar]s are rimwutoii firmly on a fabricot Od cd-pl at

wich Ii is in t urn fixed sercure]ly to thie gro~unid. Tire rig is pmoeel by1 i

vair intl Ispell electric mot or which is rerrrtely centroiilled.

Vibrattiln liasu r~enits are recorded by non icifltrIliltiiig irniuct ive proxiiity

lraz;iiiers siturat ed ait each tearing anrd at tire rotor marss . The out iirt

signIals frorm tire transducers ore to be recorded iry a

mi i-l-Ilmliot on-ilt rn]'ed dirta-Irigging systemr whicrh may arlso be used tri hip1

Io l,1,ill s and1 pliit tire I esul ts.
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Property V ],,, on Test Rig Value on TF34 Engine

Shaft Stiffness 9.6 MN/m - 1  51 MN/m - 1

Rotor Mass 35 Kg 40 Kg

Ist Critical Speed 2500 - 5000 rev/min 5000 rev/min

Ratio Shaft/Support Stiffness 0.1 - 6.0 normally between

0.6 and 2.5
Runining Speed up to 10,000 rev/min up to 17,600 rev/min

Lubricant Viscosity 0.05 Pa.s 0.04 Pa.s

Table 2: A Comparison of some test rig details with those of a General

Electric TF34 Turbofan Engine high speed shaft.
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10. REVIEW OF CURRENT STATUS OF PROJECT

The current status of the research project. described in this report is

indicated by figure 1. As explained in section I of this report, work

began on the project in March 1985, as indicated in the figure, so that

March 1986 corresponds to month 13.

For each activity indentified in figure 1, the percentage figure indicated

on the appropriate line gives the fraction of that activity which has been

completed at the time of writing this report. Those activities not yet

completed are as follows:

(i) Obtain Theoretical Results

Some theoretical results are presented in this report; however the

computer programs are to be re-run in order to further investigate

the effect of system parameter changes, and the results are to be

re-presented in dimensionless form.

ii) Produce Drawings

Most of the engineering drawings required for test rig manufacture

have been produced. It is possible that further auxilliary

drawings detailing such items as balance ots, wiring diagrams,

lubrication systems, etc may be required.

(iii" Bought Out Material & Rig Manufacture

Test rig manufacture is about to conmence. Most of the naterial

required for this is in stock. Some fu!-ther components such as

piping, valves, and accumulators still need to tie purchased. It

is anticipated that the rig will be asseabled by September 1986.

4o.



The authors overall opinion of the project status, bearing in mind the

details indicated in figure 1, is that the project may be completed in

slightly less time than the 36 months originally estimated. However, in so

far as the original grant doctment is concerned, which was based on a

project start date of September 1984, the authtrs anticipate possibly

requiring an ext ension of the grant period at no extia cost.
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11. CONCLUSIONS

it is clear from tile results of several precvious mnvestigat ions dliscussed

inj sect ion 5, and fromn the theoret ical studies dlescribed in this report

that machiine vibrat ion amplitudes can be rmin imizesd by correct choice of

shaft support dynamic charateristics. It is further evident that changes

iii shaft support dynamic characteristics can substaniajlly chanige machine

critiucal speeds.

'Tl e t I i eorr It i ca I ,t udIi es described in this report ha~e shown that

hmydrost at ic hearing dynamic characteristics can be tuned by controlling

rI ow res t r i ut ora which link accumulators to the hearing pockets.

'ut lerirthle changes in bearing stiffness and damping so impl emrent ed

cam, he used to change significantly machinte cr-it ical speeds. If t he change

iii support st iffness is made while the machine! is running then thle maximuml

ibiat in imipiit ude during run up may be reduced, using this t cthi ique, by

Up 90%

TI'io ~ stantus maty be summarised is rol lows. The(- theiory devilopment.

Iri -put 1 pir-iirUniiig are virtually comiplIete. The test rig design has

l-i oriq Itf-d and marnufact ur'e is undf.r way . During the cominrg months,

whi Ic the r ig is being manufactured, further thteoret ical re-sults will be

ohbta inred Ifrom t he co~mpu ter out ptut arnd cons ide ration w ill be g iven Ito t he

t6t. rig corntrol System. The delay fo (3 months in coririrmicinrg work on the

project is, to a large extenrt. , been recuivir .
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12. RECOMMENDATIONS FOR FURTHER WORK

Funding of the project has been provided by FOARD for two years to date,

and this has either been expended or allocated according to the original

research schedule plan contained in the grant proposal document (similar to

figure 1 of this report). Some return on this investment has been obtained

in the form of theoretical results contained within this report, and

further theoretical results will be available shortly.

Further work should centre around obtaining experimental evidence to

substantiate the theoretical results in order that the theory may be used

with more confidence when applied to real aero-engine systems. The

experimental testing should proceed according to the schedul- in figure 1

using, (in the first instance), the test rig described in section 9. Th,

experimental work should include measurements of machine vibration

amplitude and frequency through the entire running speed range, this data

should be collected for several values of accumulator restrictor setting,

bearing oil supply pressure, and other pertinent parameters. Additional

experimental test runs should be made using a microprocessor based control

system wh ichl would automatically vary the shaft support dynamic

characteristics in accordance with the requirements for minimising machine!

vibration.

In order to carry out the remainder of the research programme described

above a third year of funding will be required, in accordance with the

original project grant application document. With this proviso, tine

authors recommend that experimental testing should begin at about November

198;,.
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APPENI X

This appendix contains a number of graphs which indicate the variation of

hydrostatic bearing dynamic characteristics with changes in the design

parameters pressure ratio P, clearance, oil supply pressure and land width.

These graphs have been discussed in section 8.
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Figure 23: Variation of Bearing Stifness Coefficient K with
Pressure Ratio yy
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Figure 24: Variation of Bearing Damping Coefficient C with
Pressure Ratio yy
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Figure 25: Variation of Bearing Stiffness Coefficient K with Clearanceyy

Figure 26: Variation of Bearing Damping Coefficient C with Clearance
yy

M8.



.-.rc 27: V-ir> tion of' Bearing StiffneE- Coc~fi~iert K.. With
Suply Pressure

Fi,7urn. 28: Variation of Bearing Damping Coefficient C with
Supply Pressure y
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